The Guaymas Basin spreading center situated in the Gulf of California is characterized by a thick layer of organic-rich sediments that are thermally altered by hydrothermal fluids, thereby providing a bottom water source of dissolved organic carbon (DOC) to the water column. The potential for heterotrophic microbial communities in the water column to metabolize this organic matter source has not yet been investigated, however. In order to assess heterotrophic potential in the water column of the Guaymas Basin, we measured the activities of carbohydrate-hydrolyzing extracellular enzymes at the chlorophyll maximum, the oxygen minimum, the deep-water turbidity plume, and bottom waters. These measurements were carried out using water obtained from repeat CTD casts over the course of a week, and from bottom water collected by HOV Alvin at hydrothermally active areas with extensive chemosynthetic microbial mats. Repeat measurements at subsurface depths were very comparable across sampling dates and CTD casts. Exoacting (terminal-unit-cleaving) monosaccharide hydrolase activities were typically higher in deeper waters than in surface waters, despite colder temperatures. In bottom water, the spectrum of endo-acting (mid-chain-cleaving) polysaccharide hydrolase activities was broader than at shallower depths. The high enzyme activities in Guaymas Basin bottom waters indicate an unusually active heterotrophic community that is responding to influx of DOC and nutrients into bottom waters from the hydrothermally affected sediments, or to the availability of chemosynthetically produced biomass.
INTRODUCTION
The Guaymas Basin is part of a spreading center that underlies highly productive surface waters in the Gulf of California (Kahru et al., 2004) . The flux of organic matter from the surface has accumulated to a sediment layer several hundred meters in thickness (Einsele et al., 1980; Schrader et al., 1980) that is substantially modified by the passage of hydrothermal fluids (Simoneit et al., 1979; Von Damm et al., 1985) . This organic matter fuels a diverse community of benthic microbes carrying out autotrophic and heterotrophic processes based on the flux of reduced elements into the water column as well as the availability of hydrothermally-produced petroleum products (Teske et al., 2002 Dombrowski et al., 2018) .
The water column of the Guaymas Basin is also greatly affected by hydrothermal activity, with plumes of vent fluids influencing the chemistry of the water column below the basin sill depth of 1560 m (Campbell and Gieskes, 1984) . Previous research has demonstrated the presence of autotrophic microbes and autotrophic production fueled by reduced metals, sulfur and hydrogen metabolism (e.g., Anantharaman et al., 2013) . Active seeping of fluids from the organic-rich sediments carries high concentrations of dissolved organic carbon (DOC) into the water column (Lin et al., 2017) . This DOC could potentially stimulate activities of heterotrophic microbes, providing a source of organic substrates at depth that could supplement the sinking flux of particulate organic carbon from the surface ocean. This possibility has not yet been investigated, however.
Here we report results of a survey of heterotrophic microbial activities in the water column of the Guaymas Basin. We focused on measurement of the activities of extracellular enzymes that catalyze the initial step in microbial degradation of high molecular weight (HMW) substrates. These enzymes are selective for specific structural features and hydrolyze HMW substrates to sizes sufficiently small for cellular uptake (Arnosti, 2011) . The focus here is on carbohydrate-hydrolyzing enzymes, which are responsible for hydrolysis of a major class of marine organic matter. Two general modes of hydrolysis characterize extracellular enzymes: exo-acting extracellular enzymes cleave subunits from ends of a chain, while endo-acting enzymes cleave HMW substrates mid-chain. We used an array of different substrate proxies and HMW polysaccharides to measure both categories of enzyme activities. Measurements of carbohydratehydrolyzing enzyme activities in surface waters are quite common; there are far fewer measurements of exo-acting (Baltar et al., 2009 (Baltar et al., , 2010 and endo-acting (Hoarfrost and Arnosti, 2017; Balmonte et al., 2018) carbohydrate hydrolase activities in the deep ocean. Sampling in the Guaymas Basin provides the opportunity to assess microbial heterotrophic activities in an environment that is potentially fueled with substrates from the bottom as well as from the surface ocean. Repeat CTD casts and water samples collected from HOV Alvin over the course of the cruise provided the opportunity to assess the range and variability of heterotrophic enzyme activities in this hydrothermally affected location.
MATERIALS AND METHODS

Sampling and Site Description
Water column samples were collected in the southern trough of the Guaymas Basin aboard RV Atlantis (AT15-56). Water column samples were taken from the depth of the deep chlorophyll maximum (DCM), the lower part of the oxygen minimum zone (OMZ), deep water turbidity plumes (Plume; ∼200 m above seafloor), and bottom waters (Bottom; ∼50 m above seafloor) with Niskin bottles mounted on a CTD rosette (CTD profiles are published on figshare). Samples from these four depths were taken during five CTD deployments (hereafter referred to as CTD1-CTD5) between November 22 and December 01, 2009, within an area of approximately 5000 m 2 . Near bottom water samples (∼2 m above seafloor) were retrieved by a Niskin bottle mounted on the Human Occupied Vehicle (HOV) Alvin during four dives in the same area as the CTD deployments. The sediments ranged from hydrothermally active to bare sediments (see Table 1 for a detailed description of sampling sites). Previously reported DOC concentrations in waters above the sediment were highly variable, ranging between 300 µM (Dive 4563) to over 2000 µM (Dive 4565) (Lin et al., 2017) .
Measurements of Hydrolytic Enzyme Activities
Enzyme activities were measured using two experimental approaches that provide different information about the activities of specific types of enzymes. The first approach used MUF-α-D-glucopyranoside (a-glu), MUF-ß-Dglucopyranoside (b-glu), MUF-β-D-fucoside (b-fu), and MUF-β-D-xylopyranoside (b-xyl) (all Sigma-Aldrich) as small substrate proxies to measure activities of exo-acting enzymes, which cleave terminal units from carbohydrates (Hoppe, 1983) . These activities can be measured with short-term (several hour) incubations, reflecting enzymatic responses of the microbial community present in the sample at the time the substrate is added. Enzyme assays with the four substrate proxies were conducted in all of the samples in Table 1 except for b-glu in CTD 4 (OMZ) and CTD 5 (all depths) due to a shortage of substrate. Incubations were conducted in replicate 4 mL acrylic cuvettes (n = 3) containing single substrates at enzyme-saturating levels (15 µM final concentration; determined at the beginning of the expedition) and 1.5 mL of seawater. The cuvettes were incubated in the dark for up to 12 h. Incubation temperatures were close to in situ temperatures (DCM: 20 • C; OMZ: 5 • C; Plume: 5 • C; Bottom and near bottom: 3 • C). Fluorescence was measured at the beginning and the end point using a Turner Biosystems TBS-380 fluorometer, with excitation/emission channels set to "UV" (365 nm excitation, 440-470 nm emission). Control cuvettes were prepared with artificial seawater (Sea salts, 38 g L −1 ; Sigma) and MUF-substrates and incubated under the same conditions as the live cuvettes to control for abiotic substrate degradation, which was always minor. Fluorescence changes over time were calibrated using MUF standard and used to calculate potential hydrolysis rates.
The second experimental approach measured the activities of specific endo-acting enzymes that cleave target polysaccharides mid-chain. These experiments require comparatively long incubation times and therefore integrate microbial enzymatic induction and growth responses (including possible changes in community composition) to substrate addition. Longer incubation times are necessary because the time that is required for a polysaccharide pool to be hydrolyzed to lower molecular weights is not known a priori (Arnosti, 2003) . Endo-acting enzyme activities were measured at three depths (DCM, OMZ, Bottom) in CTD 1, and in Alvin-collected water (Dive 4567, 4565) using fluorescently-labeled (FLA) pullulan, laminarin, xylan, and fucoidan (polysaccharides from Fluka or Sigma). The four polysaccharides differ in monomer composition and linkage position; they are components of marine algae (Painter, 1983) and are therefore present in considerable quantities in the ocean (Alderkamp et al., 2007) . Moreover, activities of enzymes that specifically hydrolyze these substrates have been measured in a variety of marine environments , and genes corresponding to these enzymes have been identified in the genomes of marine bacterial isolates (Weiner et al., 2008; Wegner et al., 2013; Kabisch et al., 2014) .
The substrates were labeled with fluoresceinamine and used to measure extracellular enzyme activities as described in Arnosti (1996 Arnosti ( , 2003 . In brief, single substrates were added to 15 ml of samples water at a final concentration of 3.5 µM monomer equivalent. Two replicate vials per substrate and sample were prepared and incubated in the dark for 21 days at close to in situ temperature (see above). Throughout the incubation, 1 mL subsamples were taken after 0, 1.5, 4, 7, 11, and 21 days (CTD cast) and after 0, 1, 3, 7, and 14 days (Alvin water). Subsamples were immediately filtered through 0.2-µm surfactant free cellulose acetate (SFCA) syringe filters and the filtrate was stored at −20 • C until analysis on a gel-permeation chromatography system with fluorescence detection, as described in detail in Arnosti (2003) . The maximum hydrolysis rate among all time points in a sample was used as a measure of the maximum potential rate at which the microbial community could access a specific polysaccharide. Control incubations with artificial seawater did not reveal abiotic substrate degradation.
All rates reported here represent potential hydrolysis rates, as added substrate competes with naturally occurring substrates for active enzyme sites. Given the level of substrate addition, however, hydrolysis rates are likely zero order with respect to substrate and represent maximum potential rates.
Bacterial Cell Counts
Bacterial cells were fixed with formalin (2% final conc.) and stained with 4 , 6-diamidino-2-phenylindole (DAPI; Porter and Feig, 1980 ) on a 0.2-µm polycarbonate filter. Either 40 frames of view or 200 cells were counted per slide using epifluorescence microscopy (Olympus, magnification ×1000).
Dissolved Organic Carbon (DOC)
Water was filtered through 0.2-µm SFCA syringe filters and stored at −20 • C in precombusted scintillation vials until analysis. Thawed samples were acidified with phosphoric acid (50% v/v) and analyzed by high temperature catalytic oxidation using a Shimadzu TOC-5000. Replicate measurements of a single sample (n = 6) were used to calculate average DOC centration ± standard deviations. Note that DOC concentrations in waters collected during Alvin dives 4563, 4565, 4567, 4570 were previously reported in Lin et al. (2017) .
Statistical Analysis
Differences in hydrolysis rates (averages of n = 3) were tested with one-way ANOVAs and Student's t-test at the 5% significance level. Results from ANOVAs were compared with Tukey's post hoc test. Statistical analysis was conducting using JMP Pro 14 software.
RESULTS
Water column CTD profiles were very similar to the composite profile of Guaymas Basin from Campbell and Gieskes (1984) . Water temperature was 24 • C at the DCM, 4.9 • C at the OMZ, and 2.9 • C at the bottom (Table 1) . Beam transmissometry data suggest presence of significant quantities of particles in lower portion of water column, including the 1800 and 1950 m sampling depths; these are likely due to abundant Mn oxides in the water column (Lesniewski et al., 2012) .
DOC concentrations were generally higher at depths below the DCM than at the DCM, except for CTD 2 ( Table 1) . Highest DOC levels at 2112 ± 13.6 µM were found in Alvin water near a massive structure of hydrothermal deposits (Dive 4565). Bacterial Table 1 for water depths and temperatures). Hydrolysis rates are average rates of n = 3 ± standard deviation. Letters indicate results of the post hoc analysis of treatment-specific differences in rates (one-way ANOVAs, p < 0.05); rates with the same letters are indistinguishable from one another. n.a. means not available; * means that a-glu activity was 0.
cell numbers at 50 m were somewhat higher (CTD 1 and CTD 4) or at the same level (CTD 3) than those at the bottom.
Activities of exo-acting enzymes (a-glu, b-glu, b-xyl, b-fu) were measurable at all depths for all CTD casts, with the exception of a-glu at OMZ for CTD4 where no activity was measurable (Figure 1) .
Two particularly notable features stand out: despite a strong water column temperature gradient between the DCM and the depths below 50 m, rates of exo-acting enzyme activities did not decrease systematically with depth. This pattern was most pronounced for b-xyl activities that were always more rapid at the depths below 50 m than at 50 m. For CTD 2, activities of b-fu were also higher at the bottom compared to the DCM ( Table 2 ). In addition, the patterns of enzyme activities -a high level of b-xyl activity, which was approximately twice as high as the other activities -was similar for all subsurface depths of all CTD casts (Figure 1) . At the DCM, patterns of enzyme activities varied more among casts. At this depth, a-glu activities varied by a factor of ca. 8 among casts, and b-glu and b-fu activities varied by a factor of approximately 2 among casts; b-xyl activities were similar among casts, with average activities ranging from ∼17 to 25 nmol L −1 h −1 . The range of exo-acting activities (approximately 12-46 nmol L −1 h −1 ) in Alvin-collected water was similar to the range of activities measured in water collected at depths of 1800 and 1950 m; b-xyl activities were notably higher than the other activities in Dive 5470 water, however.
Only 2 of the 4 polysaccharide hydrolase activities (laminarinase and pullulanase) were measurable at the DCM and OMZ; hydrolysis of laminarin and pullulan were a factor of 2-4 times highest at the DCM compared with the OMZ and Bottom. Xylanase activity was also measurable at the bottom at a rate that was faster than for laminarinase or pullulanase activities. Fucoidan hydrolysis was not detected in any depths of CTD 1. All 4 polysaccharides tested here, including Fucoidan, were hydrolyzed in Alvin-collected water, however. Considerable fucosidase activity (2.5-3.3 nmol monomer L −1 h −1 ) was measurable in water collected above a microbial mat (Dive 4565) and in water collected over bare sediment (Dive 4567) (Figure 2) . Xylan hydrolysis was also measurable (in one of two replicates for Dive 4567; at trace levels in water from Dive 4565), and hydrolysis of laminarin and pullulan was comparable to rates measured in bottom water.
DISCUSSION
The Guaymas Basin has considerable hydrothermal input that is retained to some extent at depths below its sill at 1560 m (Campbell and Gieskes, 1984) , resulting in deep water that is hydrothermally affected and has a longer residence time than comparable depths in the open ocean. Focused investigations of microbial communities in the water column of the Guaymas Basin have centered primarily on comparisons between the sedimentary and water column communities (e.g., Dick and Tebo, 2010; Dick et al., 2013) , and on autotrophic organisms that may thrive on the hydrothermal input of sulfur and reduced metals (Lesniewski et al., 2012; Anantharaman et al., 2013; Dick, 2019) . The thick layer of organic matter blanketing the system (Simoneit et al., 1979; Schrader et al., 1980) , however, is the source of a substantial flux of DOC from the sediments to the deep waters of the basin (Table 1 ; Lin et al., 2017) , in addition to input of sinking POC from the productive surface waters. The high activities of exo-acting enzymes, and the observation that these rates do not generally decrease with depth in the FIGURE 2 | Activities of endo-acting enzymes in water taken from CTD cast 1 and in water taken with HOV Alvin. Lam, laminarin; pull, pullulan; xyl, xylan; fu, fucoidan. Hydrolysis rates are average rates of n = 2 ± their range. n.d. means not detectable. * means that hydrolysis was detected in only one of the replicates.
Guaymas Basin (Figure 1) , indicate the presence of highly active heterotrophic microbial communities throughout the water column. Rates of b-glu, for example, ranged from 9 to 25 nmol L −1 h −1 over the depth range of 845-1950 m (Figure 1) ; at comparable depths in the central Atlantic Ocean, for example, rates of 0.05-0.25 nmol L −1 h −1 have been reported (Baltar et al., 2010) , and in the subtropical Atlantic, rates at comparable depths ranged from ca. 0.02-0.04 nmol L −1 h −1 (Baltar et al., 2009 ). Activities of a-glu were similar or lower than b-glu activities in the Atlantic (Baltar et al., 2009 (Baltar et al., , 2010 ; in the Guaymas Basin, they were also in general similar to or lower than b-glu activities, but were substantially higher than at similar depths in the Atlantic Ocean, ranging from ca. 1-19 nmol L −1 h −1 (Figure 1) . Activities of a-glu at the DCM were similar to or higher than rates reported for the southwest Atlantic (Hoarfrost and Arnosti, 2017 ) and higher than rates reported in the surface waters of the Adriatic Sea (Karner et al., 1992) .
Although b-xyl activities are frequently measured in terrestrial systems, there are few data on b-xyl activities from marine waters (Alonso-Sáez et al., 2008) , and somewhat more data from rivers (e.g., Kirchman et al., 2004) . Activities measured in the Guaymas Basin (17 to 52 nmol L −1 h −1 ) considerably exceed activities measured in the Hudson River (range of 3-10 pmol L −1 h −1 ; Kirchman et al., 2004) and were on average somewhat higher than a site in the northwest Mediterranean Sea, where rates ranged from 1 to 46 nmol L −1 h −1 (Alonso-Sáez et al., 2008) . Activities of b-fu have not, to the best of our knowledge, been previously reported for the marine water column; hydrolysis rates were generally comparable to those of the other substrates measured here.
Endo-acting polysaccharide hydrolase activities in the Guaymas Basin present a different pattern than the exoacting activities: polysaccharide hydrolase activities decreased somewhat with depth, and only a subset of the polysaccharides were hydrolyzed at depths above the bottom water. The overall pattern of polysaccharide hydrolase activities was quite unusual, since a broader spectrum of polysaccharides were hydrolyzed in bottom waters than at shallower depths (Figure 2) . A more typical pattern is a narrowing spectrum of polysaccharide hydrolase activities with depth (Steen et al., 2012; D'Ambrosio et al., 2014; Hoarfrost and Arnosti, 2017; Balmonte et al., 2018) . Hydrolysis rates at depth in the Guaymas Basin were considerably more rapid than rates measured at comparable depths in the South Atlantic (Hoarfrost and Arnosti, 2017) , but were comparable to rates measured in the deep Pacific Ocean (Balmonte and Arnosti, unpublished data) . Fucoidan hydrolysis deep in the water column is quite remarkable, however, given the lack of this activity in many locations in the surface ocean and in most of the other deep ocean locations that have been investigated, including in the Arctic (Balmonte et al., 2018) , the South Atlantic (Hoarfrost and Arnosti, 2017) , the Pacific (Balmonte et al., unpublished data) , and the Gulf of Mexico (Steen et al., 2012) . Fucoidan hydrolysis at a depth of ca 190 m has, however, also been measured in water collected above the sediments on the continental shelf of the northwest Atlantic Ocean (Balmonte et al., 2019) .
The observation that all four polysaccharides were hydrolyzed in waters immediately above the sediments suggests a direct influence of the sediments on activities in the overlying water column, since the spectrum of polysaccharide hydrolase activities in sediments is typically much broader than in the overlying water column (e.g., Arnosti, 2000 Arnosti, , 2008 . The high influx of sediment-derived DOC into the water column (Lin et al., 2017) , and elevated levels of polysaccharide-rich, transparent exopolymeric particles (TEP) in bottom waters immediately above the sediments (Prieto and Cowen, 2007) are also evidence of such a connection between the sediments and the water column. TEP are often enriched in deoxy sugarcontaining sulfated polysaccharides such as fucoidan, possibly explaining substantial fucoidanase activities in Alvin-collected waters (Figure 2) .
The contrast in patterns of exo-and endo-acting activities may provide a clue as to the types of carbohydrates that are enzymatically hydrolyzed in the waters of the Guaymas Basin. In particular, the high rates of exo-acting b-xyl activities and considerable rates of exo-acting b-fu activities at the DCM and OMZ contrast sharply with the lack of measurable endoacting xylanase and fucoidanase activities at the same depths in the water column. Exo-acting enzymes hydrolyze individual monosaccharides either from the terminal end of a chain, or as branches off a complex structure. We suggest that the exoacting enzymes are therefore targeting specific branches of complex polysaccharides in the water column; deeper in the water column, particularly directly over the sediments, where both endo-and exo-acting enzymes are active, fucoidan-like and xylan-like polysaccharides (potentially sourced from the sediments) are more likely being hydrolyzed.
The generally high rates of exo-acting enzyme activities reported here are likely characteristic of the Guaymas Basin deep water column, given the overall similarity of hydrolysis rates and patterns among CTD casts collected within an area of ca. 5000 m 2 over the course of a week (Figure 1) . These high rates of activity likely reflect the dual sources of potential substrates in the basin: (i) an influx of hydrothermally affected dissolved organic matter (DOM) from the sediments (Lin et al., 2017) , and (ii) input of sinking POM that generally reaches highest levels from November through March during winter diatom blooms (Lyons et al., 2011) . In the event of a sinking diatom bloom, microbial degradation of sinking POM alters its composition toward more degradable compounds, which could also explain the depthrelated shifts in exo-acting enzyme activities (i.e., glucosidasedominated activities at the DCM; xylose-dominated activities in deeper waters) and endo-acting enzyme activities (i.e., broader spectrum of polysaccharide hydrolases at depth). Both sources of organic matter (sediment and surface waters) account for the rapid enzymatic activities at depth in the basin, with the potential to support a considerable population of heterotrophic bacteria, explaining elevated cell numbers throughout the water column ( Table 1) .
Investigations of microbial communities in the water column of the Guaymas Basin have demonstrated that the hydrothermal plume and non-plume (background seawater) communities are very similar in composition (Dick and Tebo, 2010; Dick, 2019) . To date, heterotrophic metabolism has been little studied in Guaymas Basin; autotrophic metabolism, including oxidation of methane, and chemolithoautotrophy, has been a focus (e.g., Lesniewski et al., 2012; Anantharaman et al., 2013; Dick et al., 2013) . Since gene transcripts for specific aspects of heterotrophic metabolism are not as easily assigned as for other types of metabolism, the importance of heterotrophy to microbial community metabolism cannot easily be assessed via metatranscriptomic approaches. Much remains to be discovered about the microbial communities of the Guaymas Basin: metagenomic investigation of water column communities determined that approximately 35% of 16S sequences could not be identified at domain level (Lesniewski et al., 2012) and much of metatranscriptomic data could also not be assigned at a functional level function, although many of these unclassified genes were highly transcribed (Lesniewski et al., 2012) .
